The first enzyme in the lipid-linked oligosaccharide biosynthetic pathway, UDP-N-acetylglucosaminedolichyl-phosphate N-acetylglucosaminephosphotransferase (UDP-N-acetyl-D-glucosamine:dolichyl-phosphate N-acetyl-Dglucosaminephosphotransferase, EC 2.7.8.15), is encoded by the ALG7 gene. We show that this gene is essential for cell growth, since a null mutation constructed with standard gene disruption techniques results in cell lethality. The ALG7 gene is transcribed into two major messages, approximately 1.38 and 1.56 kilobase pairs (kbp) in size, and this heterogeneity has been mapped to the 3' untranslated region. Two sets of tripartite sequences implicated in transcription termination begin 15 bp and 256 bp past the translation stop codon, TGA.
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The ratios of the two major transcripts change with gene dosage, with the longer mRNA becoming more abundant in cells containing higher levels of the ALG7 gene. Changes in transcript ratios are also observed in mutants defective in lipid-linked sugar-donor biosynthesis. In addition, there is 5' heterogeneity in the ALG7 mRNAs. The transcripts start at four initiation sites located within a 20-bp region. Two potentially functional TATA elements have been identified at positions -157 and -139, which may be involved in initiation from multiple sites. These features point to numerous factors that may be involved in the regulation of the expression of the ALG7 gene.
Protein glycosylation in yeast parallels the glycoprotein biosynthetic pathway in higher eukaryotes through the early stages of glycan processing. Assembly of the lipid-linked oligosaccharide precursor, transfer to asparagine residues of proteins, and the initial removal of monosaccharides occur in the endoplasmic reticulum and are identical in yeast and in animal cells (1, 2) .
To examine controls involved in glycoprotein biosynthesis, we have focused on the initial steps in the synthesis of the lipid-linked sugar-donor in yeast. Specifically, we have studied the expression ofthe first gene in the pathway, ALG7, whose product transfers the N-acetylglucosamine phosphate moiety from UDP-N-acetylglucosamine onto dolichol phosphate to form dolichyldiphospho-N-acetylglucosamine. The ALG7 transferase is bound to the membrane of the endoplasmic reticulum and it is inhibited by tunicamycin in yeast and in animal cells (3) (4) (5) . The Saccharomyces cerevisiae ALG7 gene has been cloned on the basis of its ability to rescue cells from lethality associated with tunicamycin (6) 
MATERIALS AND METHODS
Strains. The S. cerevisiae strains used were isogenic to S288C (amal gal2), and they included DBY1033 (aura3-52), DBY947 (aade2-101 ura3-52), DBY1034 (aura3-52 lys2-801am his4-539am), and the appropriate alg mutant strains (5) . The genetic crosses were standard (7) .
The bacterial strains included Escherichia coli HB101 LM1055, DHSa, and NM522.
Plasmnids and Constructions. Plasmid pJR41 was obtained from J. Rine (6) . The ALG7 gene was subcloned by placing the Xba I/HindIII and Xba I/Sac I fragments ( Fig. 1) , into a BamHI site of YEp24, and the resultant plasmids were designated pJR41A and pJR41B, respectively.
For mapping of the transcript, the Xba I/EcoRI or Xba I/Sac I fragments of ALG7 were subcloned into appropriate sites of the pGEM3 polylinker region (Promega Biotec, Madison, WI). These plasmids are referred to as pGEM3XR7 and pGEM3XS7.
In sequencing of the 5' end of the gene, the Bal I/Sac I fragment was introduced into pTZ18 and pTZ19 vectors (Pharmacia). These constructions were named pTZ18BS7 and pTZ19BS7.
Transformations of yeast strains were conducted by using the lithium acetate procedure (8) . Tunicamycin-resistant transformants were selected as described (6) .
Disruption of ALG7. Sequences between the EcoRI and HindIII sites ofALG7 ( Fig. 1) (6, 10) . Moreover, lethality associated with tunicamycin can be rescued by overproduction of the transferase gene, ALG7 (6) . These results suggested that ALG7 was necessary for vegetative growth. To confirm the essential function of ALG7 in yeast, we disrupted the gene using URA3 as the selectable marker (11) . The structure of the disrupted allele is presented in Fig. 2a . This linear fragment was used to transform a ura3-ALG7' diploid, and two independent uracil prototrophs were induced to undergo meiosis and 10 asci from each were dissected. All asci gave rise to only two viable spores (Fig. 2b) . Seven tetrads' from transformants 1 and 2 were analyzed in detail. 'All the viable spores were uracil auxotrophs (Fig. 2c) . To substantiate the disruption of the ALG7 locus, we analyzed the structure of the integrated alg7::URA3 gene by Southern analysis of the chromosomal DNA from each of the disrupted diploids. Based on the size of the disrupted ALG7 gene, an additional band, corresponding to a fragment larger by 366 bp than the original wild-type locus, was' expected. Transformants 1 and 2 gave the predicted two bands (Fig. 2d) . The relative lower intensity of the band representing the disrupted locus may be due to significantly lesser homology between the probe and the integrated alg7::URA3 gene. We conclude that disruption of ALG7 results in a recessive lethal mutation and that this gene encodes an essential function in yeast.
Transcription of the ALG7 Gene. To determine the size of the ALG7 transcript, we examined mRNA from the wild-type yeast strain S288C by RNA blot analysis (Fig. 3a) . Two major mRNAs (1.38 and 1.56 kbp) were observed when the Cla I restriction fragment from ALG7 was used as a probe. In wild-type cells, the shorter message is more abundant. Both transcripts contain poly(A)' sequences since oligo(dT) selection also gives rise to two bands (Fig. 3b) .
The ratio of the two ALG7 transcripts changes, however, in cells transformed with multicopy plasmids carrying the ALG7 gene. In these cells (Fig. 3c) , the longer transcript is more abundant than in the wild type. Since the original pJR41 plasmid was one ofthe vectors used in the experiment and the mRNAs were identical to those obtained with pJR41A and with pJR41B, the most subcloned plasmid, it is unlikely that the change in message ratios results from spurious transcription from heterologous promoters in the vectors themselves. Rather, this result suggests that' there may exist some component(s) involved in maintenance of transcript heterogeneity that is (are) titrated out when gene dosage is increased.
The total level of the ALG7 messages is drastically increased in cells containing higher gene dosage (Fig. 3d) as compared to the wild type. This increase is correlated with the level ofthe ALG7 transferase. Table 1 (2, 14, 15) . Two mutants showing defects early in the pathway and closely following the ALG7 step, algi and alg2, have temperature-sensitive conditional lethal phenotypes.
The remaining mutants, alg3, algS, and alg6, defective in events occurring later in the pathway, exhibit no growth disturbances. We examined the ALG7 transcripts in these mutants to determine whether defects in lipid-linked donor biosynthesis occurring later than the ALG7-catalyzed step affected ALG7 expression. As shown in Fig. 3a , changes in the ratios of the transcripts are seen, especially in the alg3 and aigS mutants, and these resemble the effects observed in cells in which ALG7 gene dosage had been increased. The levels of the longer transcript are significantly increased as compared to the wild type. In the alg6 mutant, in addition to the altered ratio, there seems to be a significant reduction in the total ALG7 mRNA level. In the algi mutant, a slight decrease in the level of the longer transcript is observed, while in alg2 the levels and the ratios resemble those from wild-type cells. Therefore, our results provide evidence that defects in the biosynthesis of the lipid-linked donor affect expression of ALG7.
Transcript Heterogeneity. To map the ALG7 message heterogeneity, we performed transcript protection studies in which the 5' and the 3' ends of the transcript were examined in detail. The design for the constructions is shown in Fig. 4a . For the 5' mapping, we used two labeled antisense RNA probes. In either case, the same protected fragments were obtained (375, 383, 390, and 395 bp). This was to be expected since the probes differed only in the distal 3' DNA sequences (Fig. 4b) . Thus, there are four transcription initiation sites spanning a 20-bp region.
When the 3' end of the transcript was examined (Fig. 4b) , two major fragments were obtained (380 and 560 bp). The intensity of the two fragments was similar, since the RNA used was isolated from cells containing multiple copies of the ALG7 gene. These results are in agreement with the RNA blot analyses, which indicate the presence of two messages differing by =200 bp. Therefore, we conclude that the major ALG7 mRNA heterogeneity resides in the 3' untranslated region.
DNA Sequence of ALG7 3' Untranslated Region. The DNA sequence distal to the ALG7 open reading frame was determined and it is shown in Fig. 5 . As has been observed for 3' noncoding sequences of many yeast genes, the ALG7 3' nontranslated region is extremely T-rich (16) . There is a tripartite transcription termination-like sequence TAG... TA(T)GT...TTT proposed by Zaret and Sherman (17) , beginning 15 bp past the translation stop codon. Another tripartite consensus-like sequence is found 256 bp past the TGA. These results are in agreement with the 3' transcript mapping data.
Organization of the ALG7 Gene. The structure of ALG7 is presented in Fig. 6 . We have analyzed the DNA region upstream from the translation initiation codon, ATG. There are at least two TATA elements, located at positions -157 and -139, which may be involved in transcription initiation from multiple sites. A third TATA element, located at The cells were grown to midlogarithmic phase and membrane fractions were prepared from spheroplasts as described (6) (Fig. 1) for the 5' transcript mapping or the Xba I/Sac I fragment for the 3' end analysis. X indicates site for restriction endonuclease cleavage. In the 5' mRNA analyses, either Xmn I or Nae I was used; for the 3' mapping, digestions were performed with Ava I. The appropriate [a-32P]CTP-labeled antisense RNAs were prepared as described in Materials and Methods. (b) Protected fragments were analyzed on 8% polyacrylamide gels containing 7 M urea at 800 V for 10 hr. Hybridization reactions were set up as follows: 2.4 and 9.6 ,ug ofyeast total RNA isolated from cells transformed with pJR41 were added to 13.2 and 5. position -74, does not fulfill the requirement of the 60-to 120-bp distance from transcription initiation (18) , which makes it an unlikely component of the promoter function. The most probable initiation sequences have been identified as TCAA, GGCGA, AACGG, and AACAA, at -42, -39, -34, and -29 (19) (Fig. 4c) . Interestingly, we have located four open reading frames upstream of the transcription initiation sites, varying in size from 27 to 99 bp. Their possible relevance to ALG7 expression is discussed below. The ALG7 message does not contain a leader sequence at the 5' terminus.
The 3' end of the message is the source of the major mRNA heterogeneity. The two transcripts extend ='40 and =220 bp past the TGA codon, and their sizes correlate with the two sets of consensus sequences implicated in transcription termination for a number of yeast genes (17) .
DISCUSSION
Control of eukaryotic gene expression is affected by transcriptional initiation (19, 20) and termination events (21, 22) . In the latter case, efficiency of termination, modulation by attenuation, antitermination factors, and processing and modification signals influence biosynthesis of mRNA. Because of numerous control levels, mRNAs frequently extend through long sequences preceding or following open reading frames, and often transcripts produced from single genes are heterogenous in size.
The physiological significance of untranslated transcript regions is not always obvious. The two major rat glucocorticoid receptor mRNAs have 3' nontranslated sequences extending 3.9 and 2.2 kbp beyond the open reading frame, and these sequences are not essential for expression (23) . On the other hand, a 51-bp 3' untranslated region of the human lymphokine gene GM-CSF has been shown to stimulate transcript degradation (24) . Similarly, the 3' end of the c-fos gene, carries regulatory sequences involved in induction, shutoff, and turnover of mRNA following serum stimulation (25) . The 5' noncoding, or leader, region ofDrosophila hsp70 mRNA is essential for its translation following heat shock (26) . In yeast, the 5' leader sequence of the GCN4 transcript contains four small open reading frames, which are necessary for translational regulation of the gene (27) .
Very little information is available on genes involved in lipid-linked oligosaccharide biosynthesis in yeast. ALG7 is the only gene that has been studied in detail. The structure of the gene suggests a spectrum ofpotential points ofregulation. As in the case of other yeast genes with multiple transcription initiation sites, like CYCJ (28) and HIS] (29), ALG7 transcription initiation occurs in four major clusters, most likely at positions -42, -39, -34, and -29. Two potential TATA elements lie upstream at positions -157 and -139, although it is impossible to predict whether both are used in transcription initiation. In the case of the HIS4 gene, which has one transcription initiation site, there are four TATA elements, but only one is required for initiation (18) . Yet, multiple initiation sites seem to correlate with the presence of several functional TATA boxes (19) .
There are four open reading frames upstream from the ALG7 initiation sites. The 5' noncoding region of the LEU2 gene has an open reading frame of 23 codons, of which 6 are for leucine (30) . It has been speculated that this peptide serves as a feedback mediator between cytoplasm and nucleus for regulation of LEU2 gene expression. The significance of the open reading frames preceding the ALG7 gene is unclear. While they may be adventitious, it may also be that the peptides encoded by these open reading frames affect secondary structures and lead to alternative transcription termination of ALG7 (Fig. 6) .
That both transcripts are polyadenylylated is not unexpected because most mRNAs in yeast, even those terminated prematurely, contain poly(A) sequences (21) . Preliminary results of ALG7 resections suggest that these 3' noncoding sequences are necessary to rescue cells from lethal doses of tunicamycin (M.A.K., unpublished results). In the absence of analyses of secondary structures and factor(s) involved, it is difficult to predict the function of the 3' message heterogeneity. Possibly, only the longer transcript is translated. In such a case, premature termination can be viewed as a control process that may entail hairpin secondary structures and/or trans-acting factors (peptides, proteins). The presence of the putative transcription termination sequences beginning 15 bp past the TGA codon does not favor processing of the long message.
While transcript heterogeneity often may indicate fail-safe features of initiation and termination events, the presence of the 3' noncoding regions in ALG7 may resemble paradigms seen in higher eukaryotes. Changes in the ratios of the two transcripts upon gene dosage increase suggest involvement of trans-acting factors. Moreover, we see changes in transcript ratios in mutants defective in the lipid-linked oligosaccharide assembly. Although it is hard to interpret the effects of various mutations on ALG7 transcription, they support the presence of diffusable regulatory elements. Possibly, defects in specific transferases influence the synthesis of such factors directly, or indirectly by affecting the general structure of the endoplasmic reticulum.
The data presented in this report indicate that a gene involved in the lipid-linked oligosaccharide biosynthesis, ALG7, has a complex structure with numerous possible points of regulation. Elucidation of the physiological significance of ALG7 complexity will require detailed analyses of the elements involved and their interplay.
